The MreB actin-like cytoskeleton assembles into dynamic polymers that coordinate cell 24 shape in many bacteria. In contrast to most other cytoskeletons, few MreB interacting proteins 25 have been well characterized. Here we identify a small protein from Caulobacter crescentus, 26 AimB, as an Assembly Inhibitor of MreB. AimB overexpression mimics inhibition of MreB 27 polymerization, leading to increased cell width and MreB delocalization. Molecular dynamics 28 simulations suggest that AimB binds MreB at its monomer-monomer protofilament interaction 29 cleft. We validate this model through functional analysis of point mutants in both AimB and 30 MreB, photo-crosslinking studies with site-specific unnatural amino acids, and species-specific 31 activity of AimB. Together, our findings indicate that AimB promotes MreB dynamics by 32 inhibiting monomer-monomer assembly interactions, representing a new mechanism for 33 regulating actin-like polymers and the first identification of a non-toxin MreB assembly 34 inhibitor. 35 42 upon nutrient upshift, the increased rate of cytoplasmic synthesis reduced the surface area-to-43 volume ratio via an increase in cell width 4 . However, the molecular regulators of cell size remain 44 largely unclear in most bacterial species. 45 Bacterial cell shape determination requires enzymes that directly synthesize and crosslink 46 peptidoglycan chains in the periplasm and cytoskeletal factors that localize the activity of these 47 57 MreB, in contrast, RodZ is the only confirmed regulator and it functions to stimulate MreB 58 assembly 15 and regulate filament properties 16 , leaving MreB disassembly mysterious. There are 59 several toxin-antitoxin systems whose toxins have been proposed to target MreB 17-19 , but the 60 degree to which these toxins are expressed and function under standard growth conditions 61 remains unclear. The only other factor proposed to interact with MreB is MbiA, a small C. 62 crescentus protein that interacts with MreB through an unknown mechanism 20 . The effects of 63 MbiA on MreB also remain unclear, as MreB localization was characterized using a non-64 functional N-terminal fluorescent fusion to MreB 20 . 65 418
Introduction
Maintenance of proper cell size is an important physiological process for all organisms. 37 Changes in cell size are often strongly coupled to cell fitness in laboratory evolution 38 experiments 1 , and mutations that affect cell size can be highly adaptive 2 . Cell size is also 39 dynamically regulated, as in the example of rod-shaped bacteria whose dimensions are altered by 40 environmental factors such as nutrient availability 3 . A recent study developed a biophysical 41 model in which cell size is determined by the relative rates of surface area and volume synthesis; enzymes. The actin homolog MreB serves this cytoskeletal function for cell elongation. Studies 48 from Escherichia coli and Bacillus subtilis show that MreB forms filaments that localize and 49 move 5-7 along the membrane based on the local cell geometry 8 and recruit cell wall enzymes to 50 insert new cell wall and change the shape of those sites, resulting in a feedback loop that 51 establishes rod shape 9 . In this model, MreB must dynamically assemble and disassemble to 52 sample multiple cellular regions over time, and indeed in vivo analyses have indicated that MreB 53 structures turn over rapidly 10 . Purified MreB filaments are quite stable in vitro 11 , suggesting that 54 MreB dynamics may be stimulated by accessory factors that have yet to be discovered. 55 For other well characterized cytoskeletal systems such as eukaryotic actin and tubulin and 56 bacterial FtsZ, there are multiple known regulators of filament dynamics (reviewed in [12] [13] [14] . For Here, we address the lack of knowledge of MreB assembly inhibitors by directly 66 screening for such factors with an overexpression library. We chose an overexpression approach 67 since MreB and many of its known interactors are essential. Our overexpression screen identified 68 a new factor that we named Assembly Inhibitor of MreB (AimB). As predicted for an important 69 regulator of an essential gene, AimB appears to be essential. Overexpression of AimB resulted in 70 wider cells that resemble the loss of MreB. To characterize the function of MreB, we developed 71 a functional "sandwich" fusion of msfGFP to C. crescentus MreB and found that AimB inhibits 72 its proper localization. Genetic and biochemical studies confirmed that AimB directly interacts 73 with MreB. Finally, we used all-atom molecular dynamics simulations to develop a model for 74 how AimB inhibits the assembly of MreB and confirmed predictions of this model 75 biochemically. 76 A C. crescentus protein overexpression screen identifies a novel cytoskeletal regulator 78 We previously constructed a C. crescentus Gateway entry vector library that includes 224 79 entry vectors containing ORFs encoding "conserved hypothetical" proteins 21 . To identify 80 candidate MreB regulators among these previously uncharacterized proteins, we transferred 81 these ORFs into a xylose-inducible overexpression destination vector using an in vivo Gateway 82 cloning system, conjugated these constructs into C. crescentus, and imaged the strains at the 83 single-cell level 21 . Among the various phenotypes observed, overexpression of cc_2490 resulted 84 in a significant increase in cell width that was similar to that seen upon disruption of MreB 85 assembly by the small-molecule inhibitor A22 22 ( Figure 1A ). 86 We expected that a factor that disrupts MreB assembly would have a strong effect on 87 MreB localization. Since previous analyses of MreB localization in C. crescentus used N- 88 terminal fluorescent fusions that we now know to be non-functional 23 , we first developed a 89 functional reporter for C. crescentus MreB localization. To this end, we inserted monomeric- 90 superfolder GFP (msfGFP), which is less prone to aggregation than most commonly used 91 fluorescent proteins, into the same surface-exposed loop that tolerates functional fusion 92 insertions in E. coli MreB 24 . We replaced mreB at its native chromosomal locus under its native 93 promoter to generate a strain in which the only copy of MreB is this new "sandwich" fusion 94 (MreB-GFP sw ). The MreB-GFP sw fusion does not affect proliferation rate ( Figure S1A ), 95 suggesting that it is functional with regards to regulating cell growth and division. As observed 96 in the homologous msfGFP-fusion in E. coli, C. crescentus cells expressing MreB-GFP sw were 97 slightly wider and shorter than wild-type cells (Figure S1B,C). 100 midcell in dividing cells, cc_2490 overexpression caused MreB-GFP sw to disperse and become 101 diffuse or to accumulate at the poles ( Figure 1B ). Based on these morphological and MreB-102 localization phenotypes, we renamed CC_2490 AimB for Assembly Inhibitor of MreB. AimB is 103 a member of the Domain-of-Unknown-Function (DUF) superfamily DUF1476 and is widely 104 conserved among Alphaproteobacteria but has no other known activity. Since A22 treatment is lethal to C. crescentus cells, we examined whether AimB 108 overexpression is toxic. After only a few hours of overexpression, we observed a significant drop 109 in growth rate as measured by optical density and colony forming units, confirming that AimB 110 overexpression is lethal (Figure 2A,B ). Western blots for MreB showed no change in MreB 111 protein levels when AimB is overexpressed ( Figure S2A ), demonstrating that AimB toxicity was 112 not due to a reduction in MreB protein concentration. To compare the toxicity of AimB 113 overexpression with that of A22, we measured growth with AimB overexpression and A22 114 treatment individually or in combination. Both treatments were toxic, and the combination of 115 AimB overexpression and A22 treatment further enhanced lethality ( Figure 2C ,D). 116 The similarities between A22 treatment and AimB overexpression suggested that AimB 117 functions to destabilize MreB. Thus, we hypothesized that loss of AimB would stabilize MreB 118 filaments. AimB appears to be essential for C. crescentus survival, as we were unable to generate 119 a clean aimB deletion. Depletion of aimB using CRISPRi 25 resulted in a 73.7 ± 2.0% (standard 120 error of the mean; n=3) knockdown of aimB mRNA without having an effect on cell growth 121 ( Figure 2E ). By contrast to the increased cell width upon AimB overexpression, depletion 122 resulted in narrower cells when compared to controls ( Figure 2F , initial time point). We 123 hypothesize that the incomplete knockdown of aimB mRNA permitted cell proliferation despite 124 having an effect on cell width. If loss of AimB stabilizes MreB filaments, we would expect these 125 cells to have increased resistance to A22 treatment. Time-lapse imaging of control and aimB-126 depleted cells grown on A22-containing agarose pads demonstrated that the initial rate of cell-127 width increase was faster in the control cells ( Figure 2F To identify the cellular targets of AimB, we performed a screen to identify suppressors of 135 toxicity associated with AimB overexpression. Suppressors of overexpressed AimB-FLAG were 136 isolated and subsequently screened by Western blot to filter out mutants with reduced AimB 137 expression. This screening eliminated suppressors that decreased AimB production as well as 138 nonsense and frameshift mutations in the aimB gene. For each isolated suppressor, we sequenced 139 aimB from the overexpression vector and the chromosomal mreB gene. Three point mutations 140 were identified in the overexpressed aimB that resulted in the residue changes V66M, L74Q, and 141 A97P. Interestingly, 13 unique single point mutations were also found in mreB, demonstrating a 142 genetic interaction between AimB and MreB.
To gain insight into the potential interaction between MreB and AimB we mapped the 144 altered residues in MreB and AimB suppressors onto structures of C. crescentus MreB and an 145 AimB homolog from Jannaschia sp. ( Figure S3A -C). Two mutations, MreB K236T and MreB T277A , 146 were located at what is predicted to be the MreB longitudinal polymerization interface 26 . These The activity of AimB is specific to C. crescentus MreB 167 AimB is highly conserved among Alphaproteobacteria but rarely found outside of this 168 clade. Since AimB is essential in C. crescentus yet absent in E. coli, we tested whether AimB 169 alters cell-shape and/or MreB localization in E. coli. Even when AimB was expressed at similar 170 or slightly higher levels compared to those that have a strong impact in C. crescentus ( Figure   171 S2B), there was no effect on E. coli cell shape or on qualitative MreB localization ( Figure 4A ). 172 This selectivity of AimB for C. crescentus MreB is particularly interesting given that the MreB 173 orthologues in these organisms are 78% similar and 64% identical. Thermatoga maritima MreB monomers that the opening angle at the polymerization interface 183 ( Figure 4B ) was polymerization dependent, with a larger value for monomers relative to the 184 subunits of a dimer 28 . Here, we found that the opening angle of an EcMreB monomer was 185 significantly higher than that of CcMreB ( Figure 4C EcMreB could be overcome by increasing its expression. Consistent with this prediction, when 203 we expressed aimB from a high-copy E. coli expression vector, we observed an increase in E. 204 coli cell width ( Figure 4I ,J), similar to the effects of sublethal A22 treatment 29 . Importantly, the 205 residues of CcMreB that interact with AimB (within 5 Å) are highly conserved in EcMreB (79% 206 identical and 96% similar; Figure S3D ); thus, the relative affinities for CcMreB and EcMreB 207 appear to be due to their opening angles rather than differences in binding-site amino acids.
209
AimB and MreB interact directly 210 two proteins that may interact. To test these predictions, we used a photo-crosslinking assay. 213 Specifically, we created an expression plasmid with C. crescentus MreB driven by the lac 214 promoter and AimB driven by an arabinose-inducible promoter. Based on the CcMreB crystal 215 structure, we selected 26 surface-accessible residues ( Figure 5A ) to probe for AimB interactions. 216 Each of the 26 residues was individually mutated to the amber stop codon TAG to enable the 217 incorporation of the unnatural amino acid p-benzoylphenylalanine (pBPA). Each amber mutant 218 plasmid was transformed into an E. coli mreB strain carrying the plasmid pEVOL-pBpF, which 219 encodes the tRNA synthase/tRNA pair for pBPA incorporation 30 . We chose to use a mreB 220 strain so that the only potential MreB-AimB interaction would be that of the C. crescentus 221 proteins. Following cross-linking, an interaction was only observed when pBPA was 222 incorporated at residue 185 of MreB ( Figure 5B ). Probing this interaction with an anti-FLAG 223 antibody to detect AimB-FLAG confirmed the interaction ( Figure 5C ). The size of the shifted 224 band indicated a 1:1 interaction stoichiometry between MreB and AimB. Strikingly, this position 225 is at the base of the cleft where AimB and MreB are predicted to interact based on MD 226 simulations; analysis of our simulations showed that the intermolecular distance between 227 MreB R185 and AimB G64 remained small in CcMreB whereas the distance was larger and more 228 variable in EcMreB ( Figure 5D ). These crosslinking data provide compelling evidence that 229 AimB directly interacts with MreB in vivo in a manner that validates the conclusions of our MD 230 simulations.
Discussion

232
As the number of sequenced bacterial genomes rapidly increases, a striking feature of 233 virtually all genomes is the lack of comprehensive annotation, leading to an overwhelming 234 number of "hypothetical genes" whose cellular functions are completely unknown. For even the 235 best studied model organism, E. coli K-12, the fraction of hypothetical genes is >25% (UniProt 236 "uncharacterized" or "putative" genes), roughly similar to other model organisms such as MreB. 249 The turnover of eukaryotic actin filaments is accomplished by a variety of regulatory 250 proteins that either sequester actin monomers or sever intact filaments 34, 35 . While structural 251 studies of actin-regulator interactions have yielded mechanistic insights into the modulation of 252 actin polymerization, our understanding of MreB polymerization dynamics in general and 253 polymer turnover in particular is quite limited. In C. crescentus, the protein MbiA binds directly 254 to MreB, and its overexpression leads to a loss of proper cell shape and an increase in cell 255 death 20 . The E. coli toxins YeeV and CptA inhibit MreB polymerization in vitro 18, 19 , however 256 their roles in normal physiology are unclear. Importantly, the mechanism of action for all three 257 proposed MreB inhibitors is unknown. Here, we identified AimB as a novel inhibitor of C. AimB-overexpression suppressor mutants found mutations in MreB ( Figure 3B ), demonstrating 265 a genetic interaction between MreB and AimB. To probe for a direct interaction between these 266 proteins, we used a photo-crosslinking approach to discover that MreB residue 185 interacts with 267 AimB (Figure 5B Bacterial strains, plasmids, and growth conditions 308 The strains, plasmids, and primers used in this study are described in Tables S1, S2, and S3,   309 respectively. Details regarding strain construction are available in the Supplementary Text. C. 310 crescentus wild-type strain CB15N and its derivatives were grown at 30 C in peptone-yeast-311 extract (PYE) medium (Poindexter, 1964) . E. coli strains were grown at 37 C in LB medium. CRISPRi-mediated gene depletion 321 C. crescentus CRISPRi was performed using the plasmids (Table S2 ) and methods developed by 322 the Jacobs-Wagner lab 25 . Briefly, primers EK1003/1004 (Table S3) Xylose-inducible plasmids for overexpression of conserved hypothetical proteins were generated 332 using an in vivo Gateway strategy, as described previously 21, 44 . The resulting multicopy plasmids 333 were conjugated into C. crescentus. Strains were induced with 0.3% xylose and imaged in high- 334 throughput format using custom 48-pedestal agarose slides 21, 44 . Cell morphology was compared 335 to wild-type controls to identify overexpression plasmids resulting in aberrant cell shape. For experiments up to 12 h, cells were grown in standard culture tubes and aliquots were 348 removed at the specified intervals for measurements of OD660 or colony forming units (CFUs).
For experiments longer than 12 h, cells were aliquoted into a 96-well plate and the OD660 was 350 measured on a ClarioSTAR plate reader (BMG Labtech) with shaking and temperature control. (Table S4) were performed using the molecular dynamics package NAMD v. (Table S3 ). The arabinose-inducible RFP was replaced with 403 AimB by Gibson assembly (primers EK646-649; Table S3 ). Wild-type MreB and a series of 404 amber codon mutants (Table S1) Methods Enzymol 471, 185-204 (2010) . 1990-2001 (1992 Graph 14, 33-38, 27-38 (1996) . 
